ABSTRACT The nature and the sites of interactions between anesthetic halothane and homodimeric D 5 -3-ketosteroid isomerase (KSI) are characterized by flexible ligand docking and confirmed by 1 H-15 N NMR. The dynamics consequence of halothane interaction and the implication of the dynamic changes to KSI function are studied by multiple 5-ns molecular dynamics simulations in the presence and absence of halothane. Both docking and MD simulations show that halothane prefer the amphiphilic dimeric interface to the hydrophobic active site of KSI. Halothane occupancy at the dimer interface disrupted the intersubunit hydrogen bonding formed either directly through side chains of polar residues or indirectly through the mediation of the interfacial water molecules. Moreover, in the presence of halothane, the exchange rate of the bound waters with bulk water was increased. Halothane perturbation to the dimer interface affected the overall flexibility of the active site. This action is likely to contribute to the halothane-induced reduction of the KSI activity. The allosteric halothane modulation of the dynamicsfunction relationship of KSI without direct competition at the enzymatic active sites may be generalized to offer a unifying explanation of anesthetic action on a diverse range of multidomain neuronal proteins that are potentially relevant to clinical general anesthesia.
INTRODUCTION
It is still under debate where and how general anesthetics interact with proteins in the central nervous system (CNS) and consequently change the functions of these proteins (1) . High-resolution structures are generally not available at this time for the potential anesthetic targets in the CNS implicated by the sensitivity measurements (1) . The attempt to directly determine the anesthetic interaction with these proteins at atomistic resolution has therefore been severely hampered. Although some anesthetic-sensitive soluble proteins, such as firefly luciferase (2) and bovine or human serum albumin (3, 4) , do not exist in the CNS, the interaction of general anesthetics with these model proteins has been characterized extensively, and the information derived from these studies have provided valuable insights into the molecular mechanisms of general anesthesia.
Homodimeric enzyme, D 5 -3-ketosteroid isomerase (KSI), can serve for the same purpose. KSI has been the subject of intensive studies in the past because of its proficient catalytic function for the isomerization of 3-oxo-D 5 -steroids to their D 4 -conjugated isomers and its role as a prototype for understanding the enzyme mechanism of the allylic rearrangement (5) (6) (7) (8) . The high resolution three-dimensional structure of KSI has been solved by nuclear magnetic resonance (NMR) and x-ray crystallography. Each subunit of KSI is composed of three a-helices and a six-strand mixed b-pleated sheet, which contains three b-bulges. The three a-helices and the back of the b-sheet form an active-site cavity that has a size of 8.5 Å by 9.5 Å at the surface and 16 Å deep (6) . The active site cavity is lined mainly with hydrophobic residues. The residues located at the bottom of the active site, including Asp-38 and Tyr-14 as well as Asp-99 (6) , are involved in forming hydrogen bonds to carbonyl oxygen of the steroid and are critical for the catalytic function of KSI. Another feature of KSI structure is that the fronts of the b-sheets from two subunits face each other in an antiparallel fashion to form the dimeric interface. Such structural arrangement appears to be a general scaffold for an active-site cavity that binds hydrophobic substrates and is essential for KSI function. Perturbations to the dimeric interface, such as mutating polar residues to nonpolar residues and consequently altering the geometry of the active site, have shown to lead to great decreases in the catalytic activity and conformation stability of KSI (9) . The diversity in the secondary structural components, the elegant folding in the tertiary structure, and the distinct arrangement in the quaternary structure make KSI a good model system for other biological studies. Experimentally, we have confirmed (10) that i), anesthetic halothane could reduce KSI enzymatic activity; ii), NMR chemical shifts of many residues on the b-sheet of KSI could be perturbed by halothane in a concentration-dependent manner; and iii), direct NOE crosspeaks between halothane and several residues could be observed. In this study, the interaction sites of halothane with KSI were identified using the AutoDock program (11) and compared with the NMR results. Subsequently, five parallel 5-ns molecular dynamics (MD) simulations were carried out on fully hydrated KSI systems in the presence and absence of halothane to investigate the molecular details of anesthetic-protein interactions and to shed light on how such interactions induce dynamics changes that might be significant to KSI function.
MATERIALS AND METHODS

System preparations
The NMR structure of homodimer KSI from Comamonas testosteroni (125 amino acids in each subunit) was obtained from the Protein Data Bank (1BUQ) (7). The structure was imported into AutoDock 3.0 (11) as a fixed protein, onto which a grid matrix box with 127 points and 0.375Å spacing resolution along X, Y, and Z dimension was placed at the center of mass of KSI. Halothane molecules were docked to KSI using the Lamarckian genetic algorithm supplied by AutoDock. The previously optimized geometry, atomic charges, and nonbonded interaction parameters of halothane (12, 13) were used in this study. Docking parameters were adopted from an efficient docking procedure (14) . Favorable docking results were determined on the basis of low docking energy and high occupancy. Four final halothane docking configurations, as shown in Fig. 1 , were identified from the docking results as well as the chemical shift perturbation of KSI by halothane in the NMR measurements (10) .
Five systems were prepared for MD simulations, including i), no halothane and no substrate; ii), only one halothane at the highest occupancy site at the center of the dimeric interface; iii), four halothane molecules at the four high-occupancy sites; iv), the same four halothane molecules, but in the presence of steroid substrate analog 19-nortestosterone hemisuccinate (19-NTHS) at the active sites; and v), only 19-NTHS at the active sites in the absence of halothane. The systems were fully hydrated using Solvate 1.0 (http://www.mpibpc.gwdg.de/abteilungen/071/solvate/node2.html). In addition to 6,917 TIP3 waters, 16 sodium ions and 8 chlorine ions were added to each system to provide 100 mM salt concentration and to neutralize the charges in the system.
Molecular dynamics simulations
All simulations were performed using the NAMD2 program (15) on the Cray T3E parallel computer and the HP alpha server GS1280 (JONAS) at the Pittsburgh Supercomputing Center. The CHARMM27 parameter set was used for the simulations. A conjugate gradient energy minimization with 10,000 steps was performed on each system, whereas the protein backbone was restrained with a harmonic force of 999 kcal/mol/Å 2 . The systems were then subject to a NVT (constant number of atoms, volume, and temperature) equilibration at temperature of 300 K for 1.2 ns, during which the restraints on KSI backbone were reduced in a stepwise fashion from 999 to 0 kcal/mol/ Å 2 . Subsequently, 5 ns NPT dynamics simulations were carried out in parallel for the systems in the absence and presence of halothane. Langevin dynamics and Langevin piston pressure (16) were used to maintain temperature and pressure at 300 K and 1 bar, respectively, with a damping coefficient of 10 ps ÿ1 . Periodic boundary conditions and continuous water and halothane wrapping were imposed. The SHAKE algorithm was set to restrain all hydrogen-parent bonds to an allowed tolerance of 10 ÿ5 Å . A time step of 1 fs was used, and energies and trajectories were recorded every 0.5 ps. Van der waals cutoff distance was 12 Å with the pair list distance extended to 13 Å . The long-range full electrostatic interactions were updated every four time steps by using the Particle Mesh Ewald (PME) method. Most of the data process and analysis were accomplished within the VMD 1.8.1 software environment (17) .
RESULTS AND DISCUSSION
Halothane distribution in and around KSI Four preferred halothane docking positions in KSI, as shown in Fig. 1 , were initially identified by the halothane occupancies (the number of ligands docked at the same site during 100 trials) and by the docking energies (summation of internal energy of ligand and the intermolecular energy).
More detailed docking information is summarized in Table  1s in the online supplemental materials. These docked positions were also verified experimentally with the high resolution NMR study (10) , in which significant chemical shift changes and NOE crosspeaks were observed for the residues that are modulated by the presence of halothane molecules. The halothane molecules were numbered 1-4 based on the order of their docking energies (ÿ4.32, ÿ4.12, ÿ4.10, and ÿ3.84 kcal/mol). Variation of the internal energy of halothane is within 60.02 kcal/mol; therefore, the difference in docking energy results mainly from the interaction of halothane with the surroundings of its docked positions. The middle of the dimeric interface, where halothane No. 1 is located, has the lowest docking energy and the greatest occupancy numbers, suggesting that the site is highly favorable for halothane. The disassociate constant, K d , of halothane No. 1 was estimated to be ;1 mM on the basis of the binding energy (see detailed K d calculations in the supplemental materials), which is defined in AutoDock as the summation of the torsional free energy and the intermolecular energy. Consistent with the result of binding energy, the trajectory of halothane No. 1 showed very limited displacement over the course of 5-ns MD simulations. A similar halothane trajectory was obtained in a separate 5-ns MD simulation on system B, where there was only one halothane molecule at the dimer interface. In contrast, the outer edge of the interfacial region having slightly higher docking energies and significantly lower occupancy numbers could not tightly hold the two docked halothane molecules (Nos. 2 and 3). Halothane Nos. 2 and 3 seemed to interact with KSI less tightly and moved away from their initial positions relatively quickly. Each subunit of KSI forms a conical closed barrel with an open end that is the entrance of a hydrophobic cavity for substrate binding. Regardless of whether or not it was occupied by 19-NTHS, the active sites attracted at most one halothane molecule at its entrance, shown as halothane No. 4 in Fig. 1 A. A smaller displacement range of the motion trajectories for halothane No. 4 was observed when the active site was occupied by 19-NTHS, as depicted in Fig. 1 B, presumably because halothane resided in a much more restricted space and interacted more effectively with the surrounding residues.
A strong preference for the dimer interface and less attraction to the active-site cavity of KSI underscored the molecular characteristics of halothane in defining the anesthetic interaction site. Hydrophobic and hydrophilic residues at the long patch of the b-sheet of each subunit forms a narrow amphiphilic ''tunnel'' at the dimeric interface, where a few water molecules were ''trapped''. The active site, however, is mainly surrounded by the apolar residues that largely block the access of water molecules, even though the wide-opened entrance of the active site are facing bulk water. The motion trajectory of halothane No. 4 in Fig. 1 showed that this molecule moved neither into the bulk water nor inside of the cavity where long-lasting presence of water could not survive, revealing the predominantly amphiphilic nature of halothane molecules.
The KSI residues in the regions where halothane molecules were initially docked by AutoDock or later sampled in MD simulations coincided with those whose chemical shifts were perturbed by halothane molecules in the NMR experiments, as highlighted in Fig. 1 A. A full description of the NMR study will be reported elsewhere.
Halothane effects on the dimer interface
The importance of the dimer interface to the function of KSI has long been recognized. The stability of the interface is achieved by electrostatic and hydrophobic interactions between the side chains in different subunits (18) . Among several potentially interacting residues, two pairs of electrostatic interactions were observed in the early stage of MD simulations. The polar interactions between the carboxylate of E70 and the amine of N120 did not last long, whereas the salt bridge between E77 and R113 in the control system remained strong for the entire duration of simulations, as depicted in Fig. 2 . These long-lasting electrostatic interactions between carboxylate oxygens of E77 of one subunit and the side-chain amine of R113 of the other subunit, however, were disrupted in systems that bear a halothane molecule at the dimer interface. As halothane moved near E77 or R113, it distracted the side-chain orientation of E77 or R113 such that the interactions between the side chains were affected. It was noticed that the halothane effect on the E77-R113 salt bridge could only be imposed onto the pair in the immediate vicinity of the halothane molecule and not the other pair remote from halothane. MD simulations in all three systems (B-D) generated similar results and confirmed that a single halothane molecule could affect quaternary interaction by weakening the salt-bridge at the dimer interface without high-affinity binding.
The observation of strong halothane perturbation on E77 and R113 in MD simulations was verified by significant NMR chemical shift changes in both side chains of E77 and R113 after the addition of halothane. Moreover, a positive 1 H NOE crosspeak between halothane and 1 H b of E77 was identified in NMR NOESY spectra, confirming unambiguously that halothane and E77 were close in space and that the halothane tumbling rate near E77 was slow.
Perturbation to the quaternary structure of KSI through the weakening of salt bridges and polar interaction at the dimer interface may directly impact KSI's biological function. The importance of dimerization in the formation and maintenance of the functional native tertiary structure of KSI has been discussed previously (19) . The dimeric interactions mediated by charged and polar residues R72, N120, and E118 were manipulated by single-point mutation with the apolar amino acid alanine in the homologous KSI from Pseudomonas putida (9). Because one side of the active-site cavity is lined with residues from the ''front face'' of the FIGURE 2 Electrostatic interactions between residues E77 and R113 at the dimer interface of KSI. The distances from the carboxylate oxygen of E77 of subunit A to the side-chain amine of R113 of subunit B, or vice versa, in the presence (shaded) or absence (solid) of halothane, are plotted as a function of simulation time.
interfacial b-sheet, such alteration to the charged residues at the dimer interface affected not only the salt bridges and water behaviors at the interface, but also the geometry of the active site. Consequently, the modification at the dimer interface resulted in profound reduction in the conformational stability as well as the catalytic activity of KSI enzyme activity (9) .
Halothane effects on water at the dimeric interface
Bound water molecules at the protein surface or its interior could impose a determinant influence on protein function. A string of 10 bound water molecules was found in the middle of the dimeric interface in the crystal structure of KSI from Pseudomonas putida (5). Similar numbers of bound water molecules were also found in these MD studies. On average, there were a total of 9-10 and 6-7 ''bound'' waters at the dimeric interface in the absence and presence of halothane, respectively. A lesser number of bound water molecules in the systems with halothane can be probably attributed to a smaller free space due to halothane occupancy at the dimer interface. In addition to the difference in the total number of bound water molecules at the interface, a more important distinction of the bound water between the systems with and without halothane is the exchange rates between the bound water and the free bulk water. For an arbitrary given time point in MD simulations, the bound water molecules were identified and registered. The locations of these registered water molecules were monitored in the subsequent simulations. As shown in Fig. 3 , the number of registered bound water molecules was reduced in a single exponential decay as a function of the simulation time; the decay was significantly faster for the system with halothane. This faster water exchange at the interface can change the dynamic characteristics of the dimer. Data collected at different selected time points provided similar fitting results as shown in Fig. 3 . The average residence times of bound water molecules are 273.4 6 96.0 ps and 401.4 6 86.3 ps for the systems with and without halothane, respectively, in excellent agreement with the experimentally measured residence timescale (100-1000 ps) for strongly bound waters in proteins (20, 21) .
It is worth mentioning that some of the bound water molecules mediate intersubunit hydrogen bonds. One particular water molecule resides at the same location for the entire 5-ns simulation and formed three hydrogen bonds, two with Ne 2 of H100 in the two subunits and one with Hh 21 of R113. This three-way hydrogen bonding generated great stability for the bound water as well as for the dimeric structure. The rest of the bound water molecules either involved in bridging hydrogen bonds between subunits or formed small water clusters through their own hydrogen bonding. The formation of water clusters at the dimer interface is consistent with the observations in other protein cavities studied by experiments (22) and by MD simulations (23) .
The effects of halothane on the bound interfacial waters are evidenced by the decreasing number of bound waters and shortening of water residence time in the presence of halothane. Direct halothane interaction with side chains of polar residues at the dimer interface may have modified the overall contact between two subunits, altered the motion of the interfacial region (as discussed in the following section), and consequently affected the active site and enzymatic function. The thermodynamic consequences of disrupting a watermediated hydrogen bond network in proteins by ligands can be enthalpically unfavorable, but entropically favorable (24) . The enthalpy-entropy compensation is believed to be a general feature for many intermolecular interactions (25) .
Halothane effects on the KSI structure and dynamics Structural stability and flexibility of KSI over the course of MD simulations were evaluated by the root mean-square deviations (RMSD) and the root mean-square fluctuations (RMSF) of the backbone C a . As shown in Fig. 4 , RMSD values were over 1 Å after more than 1 ns restrained MD simulations and continued to increase at the beginning of the 5-ns free MD simulation. Plateaus were reached after 1.5-2 ns unrestraint simulations for individual subunits and the dimer structure. In agreement with previous studies (26, 27) , subunit B seemed slightly more stable than subunit A. Similar results were obtained for systems in the presence of 19-NTHS. Overall C a RMSD revealed no significant difference in the KSI structure in the presence and absence of halothane molecules, which is consistent with our earlier assertion from experimental and computational studies (28, 29) that anesthetic molecules often have negligible effects on protein structures. FIGURE 3 Halothane effects on water behavior at the dimer interface of KSI. The number of water molecules at the interface at an arbitrarily defined time point was counted and the identity of these water molecules was registered. The number of these registered water molecules was plotted as a function of subsequent simulation time and the data were fit using a single exponential decay function. The decay of the number of registered water along the simulation time reflects the exchange rate of the bound water with the bulk water. Halothane accelerates the apparent water exchange rates.
Fluctuations in the amplitude of RMSF correlated very well with KSI secondary structural elements, as depicted in Fig. 5 . Significantly higher RMSF values are found in turns and loop regions, whereas relatively lower RMSF values are associated with helices and b-strands. The outermost turn, involving Q89 and G90 and connecting b4 and b5, exhibits the largest RMSF in both systems with and without halothane. The turns of the b-strands seem to experience more dynamic motions than those loops linking the a-helices, whereas the b-strands seem to be more rigid and possess smaller RMSF values than the helices. This combination of flexible and rigid elements of structure ensures KSI to perform its functions while maintaining a stable structure.
The effects of halothane on dynamics of KSI can be visualized in Fig. 5 . The overall RMSF patterns are similar in the presence and absence of halothane, indicating similar motional profiles. In the presence of halothane, however, b4, b5, and b6 strands, where many residues reside within 3 Å from halothane No. 1, showed slightly higher RMSF, and the regions extending from the end of a1 to a3 exhibited a larger increase in RMSF. The changes in RMSF in these two regions are nevertheless different. Whereas the small RMSF increase in b4, b5, and b6 strands occurred mostly within the strands, the large RMSF increase from the end of a1 to a3 is predominantly caused by the profound changes in the fluctuations leading to and within the loops linking the various secondary structural components. It is almost certain that the primary cause for the increased flexibility in the region from the end of a1 to a3 is not due to the presence of halothane No. 4 at the entrance of the active site, because a similar RMSF increase occurs in the same region in system B, where there was only one halothane at the dimer interface and no halothane at the entrance of the active site. The RMSF increase in the regions from the end of a1 to a3, even in system B with only one halothane at the dimer interface, suggests that the halothane perturbation to the interface propagated through the tertiary folds around the active site. It is conceivable that the altered flexibility in the loops linking a1 to a2, a2 to b1, and b2 to a3 can affect the active-site directly, considering their locations near the entrance of the active site. The results demonstrate the possibility that low affinity ligand, such as halothane, can affect protein function through modulation of protein motions without causing significant alternation in the protein structure.
Halothane effects on the bound substrate
The binding to the active site by the enzymatic reaction product analog 19-NTHS has been well studied previously (7, 30) . Several lines of experimental evidence (7, 30) suggest that Tyr-14 OH and Asp-99 COOH can provide hydrogen bonds to the oxygen of 19-NTHS, and this hydrogen bonding network has been confirmed computationally by an earlier 1.5-ns MD simulation (27) . These important H-bonds were also observed in the present MD simulations. Throughout the simulation, however, halothane had no close contact with either Tyr-14 or Asp-99, both of which are believed to be critical for the substrate-KSI binding and for KSI enzymatic functions. Comparing to the much larger range of halothane movement in the active site free of 19-NTHS, the halothane molecule near the 19-NTHS-bound site (No. 4) in Fig. 1 B had much limited motion, both translational and rotational. The reduced free space in the 19-NTHS-bound site is partially responsible for the changes in halothane motion. More effective halothane interaction FIGURE 4 Comparison of structural drift revealed by the root meansquare deviation of the C a atoms in the control system (solid) and the system having 4 halothane molecules (shaded) over the duration of 5-ns MD simulations: (A) subunit A, (B) subunit B, and (C) average for both subunits. with the adjacent residues, such as Asp-38, also contributes to more restricted halothane motion. The existence of halothane in the immediate vicinity of the bound 19-NTHS might help to stabilize this product analog in the active site. In contrast, the 19-NTHS in subunit B, where there was no halothane nearby, seemed to have a much stronger tendency to move out of the active site into the bulk water in the later stage of the MD simulation. The stabilization effect of halothane on the product analog 19-NTHS at the active site implies the possibility that due to the slower leaving of the product, KSI catalytic rate might slow down to some extent, which was indeed observed experimentally (10) .
CONCLUSION
The anesthetic interference with enzymatic activities was previously interpreted as the results of competition for binding between anesthetic molecules and endogenous substrate at the substrate binding sites (31) . Strong preference of halothane for the KSI dimer interface in this study suggests other possibilities for anesthetics to exert their action on proteins. At least two important conclusions can be drawn from this study: i), it is not necessary for anesthetic molecules to compete with substrate for the hydrophobic activesite cavity to exert an effect; and ii), anesthetic perturbation to the quaternary structure of a protein complex can be significant to the protein functions. The second conclusion is particularly important and can possibly be generalized, because quaternary structures are essential to multidomain receptors in the CNS, especially the Cys-loop receptors that have been identified as the potential targets for general anesthetics (1) . What have been observed at the dimer interface of KSI, including the halothane interruption of the electrostatic interactions and bound water molecules between subunits, are also likely to occur in the Cys-loop receptors. Similarly, the consequences of anesthetic perturbation to the quaternary interaction in KSI, such as alternations in the motional characteristics of interfacial residues and other crucial residues within the loops, can also happen in the Cys-loop receptors. Therefore, the inferences from our study on KSI may prove highly relevant for the future investigations of anesthetic effect on the Cys-loop receptors, where similar and perhaps more intriguing anesthetic interaction components are involved.
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